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We have made detailed investigations of the structural and magnetic properties of CeSi,
(1.0< x <2.0). The homogeneity region of the ThSi,-type (GdSi,-type) CeSi, phase is limited to the
Si concentrations x: 1.67 <x <2.0 and does not extend to the concentration range 1.55 <x <2.0, as
was reported previously. A transformation from the tetragonal ThSi,-type structure to the ortho-
rhombic GdSi,-type structure appears to occur in the CeSi, system in the same range (1.84 <x < 1.9)
where ferromagnetism appears and the specific-heat coefficient y passes through a peak. The pres-
ence of an unknown stable phase with composition intermediate to CeSi;, and Ce;Sis has been
detected. Magnetically ordered ground states have been observed for x < 1.84 and no magnetic or su-
perconducting ordering above 400 mK has been detected for x >1.90. The present data indicates
that magnetism in the CeSi, system may not be simple ferromagnetic. The experimental behavior of
this system appears to be Kondo-lattice-like both at ambient and high pressure.

I. INTRODUCTION

Ce in its compounds and alloys exists either in a nearly
trivalent state or in a fractional (intermediate) valence
state. For the last two decades the physics of fractional-
valence Ce systems has been of considerable interest and
is well documented.!™> Nearly trivalent Ce systems,
however, remained of secondary interest wuntil the
discovery of heavy-fermion superconductivity in a nearly
trivalent Ce compound CeCu,Si, is 1979.° Since then,
the search for heavy-fermion systems (those with large
effective electron mass and giant values of the specific-heat
coefficient ) has diverted considerable attention to nearly
trivalent Ce systems.

In nearly trivalent Ce systems, the single magnetic 4f
electron localized below the Fermi level and hybridizing
with the conduction electrons bears resemblance with vir-
tual bound-state formation in the single-impurity Friedel-
Anderson-Kondo problem. However, one essential
difference is that the Ce “impurity” in compounds is not
noninteracting. Magnetic 4f electrons interact with one
another via conduction electrons (s-f exchange interac-
tion) and may lead to a magnetically ordered ground state
by the Ruderman-Kittel-Kasuya-Yosida (RKKY) mecha-
nism.! On the other hand, 4f conduction-electron in-
teraction may also lead to a compensation of the 4f mag-
netic moment via the Kondo mechanism, as is the case in
the single-impurity problem. These two competing mech-
anisms are operative in almost all nearly trivalent Ce sys-
tems. For that reason nearly trivalent Ce systems are
often referred to as Kondo-lattice systems or condensed
Kondo systems.” The physical properties of such systems
are determined by the relative strength of the RKKY and
Kondo interactions. If the RKKY energy Wpgkky
~CJ2N(0) is appreciably higher than the Kondo energy
Wy ~N ~Y0)exp[1/N(0)|J | ] the ground state is mag-
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netically ordered (e.g., Celn;, CeZn, etc.) and if
Wy > Wrkky then the ground state is essentially non-
magnetic (e.g., CeAl; and CeSn;).® C is a constant, N (0)
is the density of the states at the Fermi level, and J is the
exchange constant.

As far as heavy-fermion behavior is concerned a giant y
indicates a high density of states at the Fermi level and
the large effective (electron) mass hints at the existence of
a narrow band. All known heavy-fermion Ce compounds
also appear to be bonafide Kondo-lattice systems. There-
fore, it would be very useful to know the range of Wy
which is suitable for heavy-fermion behavior. It is prob-
ably a resonancelike situation of the hybridization be-
tween the f states and the conduction-band states during
which the above-mentioned conditions for the heavy-
fermion behavior are met. However, the narrow energy
range in which this resonancelike situation exists seems to
be very rarely accessible in physical systems: this is ap-
parent from the fact that only very few heavy-fermion sys-
tems are known. The energy range of interest for heavy-
fermion behavior which appears to be very narrow must
be compatible with all three types of magnetic, nonmag-
netic, and superconducting ground states: as all three
types of ground states have been observed in heavy-
fermion systems. In these respects, Wx = Wgkky seems
to be the only narrow energy range which would be con-
sistent with all three types of ground states. Whether this
energy range is suitable for the discovery of new heavy-
fermion systems must await further experimentation.
CeSi, is a promising system in this respect, as the energy
range of interest is physically accessible in this system.

An important parameter which governs the systematics
of Kondo-lattice systems is the magnitude of the exchange
constant |J |. J can be varied either by alloying or by
external pressure. External pressure has the advantage
that it is free from any complications which may arise
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from local environmental effects. We have used both
techniques to study the properties of the Kondo-lattice
system CeSi,. We discuss the results in the light of
theoretical predictions for the Kondo-lattice state.”

The existence of the compound CeSi,, which crystal-
lizes in the ThSi, type structure was reported as early as
1865.° A broad homogeneity region for the tetragonal
CeSi, phase with decreasing Si concentration (e.g., CeSi,,
1.78 < x <2.00) and high temperature (77-500 K) magnet-
ic susceptibility data were reported in 1964.° Later,
CeSi, became the object of numerous investigations in the
context of intermediate valency and Kondo phenome-
na.!''=1% L,;-edge x-ray absorption and x-ray photoemis-
sion studies revealed a nearly trivalent state of Ce (valence
<3.02) in this compound.'"'*!3 On the other hand, no
signs of magnetic ordering were detected above 100
mK.'® Above 200 K Curie-Weiss behavior is observed;
the magnetic susceptibility becomes independent of tem-
perature ~ 100 K, rising again at low temperature.'?> At
low temperature a T? dependence in the magnetic suscep-
tibility has been reported,'® pointing to Fermi-liquid be-
havior in this system. In these respects this system resem-
bles CeSn; and CeAl;. However, unlike CeSn; no maxi-
ma in the susceptibility is observed and the specific-heat
coefficient ¥ of CeSi,, though moderately high in magni-
tude (104 mJ/mole K),'” is an order of magnitude lower
than that of CeAl;, which originates from the heavy-
fermion behavior in the latter compound. '8

Interest for the study of the CeSi, system increased
when Yashima et al.!® reported an extended homogeneity
region (1.55 <x <2.0) and a magnetic-nonmagnetic transi-
tion as a function of the Si concentration; CeSi, under-
goes a ferromagnetic transition (7, <11 K) for x <1.80
and remains paramagnetic down to 100 mK for x > 1.90.
In a subsequent paper'’ they verified the tendency of this
system towards heavy-fermion behavior by demonstrating
the diverging nature of y in the region of the magnetic-
nonmagnetic boundary (1.80 <x < 1.85). We have made
detailed structural and magnetic studies of CeSiy
(1.0<x <2.0) at both ambient and high pressure to fur-
ther explore the physics of this interesting system.

II. EXPERIMENT

The samples were prepared on a water-cooled Cu cruci-
ble in an induction furnace using commercial Ce (99.9%,
Kurt Rasmus and Co.) and Si (99.999%, Wacker Chemi-
tronics). In an attempt to prepare the samples in vacuum
~1073 Torr, weight losses were typically 1%. Therefore,
samples were melted in a high-purity Ar (99.995%) atmo-
sphere at 1.3 bar. The samples of mass ~1 g were turned
over and remelted six times to ensure homogeneity. The
weight losses in this process were <0.1% in all cases.
Half of each sample was wrapped in a Ta foil sealed in a
quartz tube under high vacuum and annealed at 1250 K
for three days.

X-ray powder patterns were obtained for as-cast sam-
ples as well as for annealed samples with a Guinier cam-
era using Co Ka radiation and an internal Si standard.
For as-cast samples, x-ray powder patterns with a
diffractometer were also obtained. The sharpness of the
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x-ray pattern is nearly the same for as-cast and annealed
samples.

For magnetization and magnetic susceptibility measure-
ments the standard Faraday method was used. For
ambient-pressure measurements, the sample was placed in
a 5-g ultrapure Co crucible which was supported in the
center of a large superconducting solenoid which was nor-
mally operated with a main field of 57 kOe and gradient
field of 640 Oe/cm. The coils of this magnet were spe-
cially wound so that the product HdH /dz is constant to
better than 1% over a cylinder of 2 cm in diameter and 5
cm in height, thus obviating the necessity of maintaining a
precisely constant position for the pressure clamp or cru-
cible with respect to the magnet as the temperature was
varied.

High pressures were generated within the 5-mm diame-
ter bore of a 90-g pressure clamp of standard design'®
made of pure binary Cu-Be with Al,0; anvils. The hy-
drostatic pressure cell consisted of a thin-walled Delrin
tube with Cu-Be end stoppers filled with a 1:1 Isoamyl-
Isopentanc pressure fluid. A tiny Pb superconducting
manometer?’ was also included in the cell. Upon cooling
from 300 to 3 K the pressure decreased by 2-3 kbar.

The present temperature and pressure range of the ap-
paratus are 2.5-300 K and 0-20 kbar, respectively. The
temperature of the sample is determined using a calibrat-
ed carbon-glass thermometer located only a few millime-
ters away from the pressure clamp. The sample tube is
filled at 300 K with 1-Torr He exchange gas. Further de-
tails of the experimental apparatus are given in Ref. 21.

III. RESULTS OF THE EXPERIMENT

For structural and magnetic studies across the CeSi,
series the following Si concentrations were selected:
x=1.0, 1.5, 1.6, 1.67, 1.70, 1.75, 1.80, 1.84, 1.90, 2.0.
The results are presented in the following subsections.

A. Structural studies

Our structural analysis shows that for the x > 1.67 the
anticipated tetragonal symmetry of the ThSi,-type struc-
ture is retained with the possibility of a transformation to
an orthorhombic GdSi,-type structure for low Si concen-
trations (x <1.84) and with no traces of any secondary
phase apparent either in the as-cast or in the annealed
state. In the CeSi; s and CeSi, ¢ samples, in addition to
the anticipated GdSi,-type orthorhombic phase, ~8% of
CeSi; , phase is present in the as-cast state; in the an-
nealed state another unidentified impurity phase is
found.?? The above x-ray results are supported by metal-
lographic studies in which clean polished surfaces of the
samples were examined under a microscope using mono-
chromatic Na light. No traces of any secondary phase,
big grains, and clean grain boundaries were typical
features for the samples with Si concentration x> 1.67.
Traces (< 1%) of a secondary phase(s) were apparent at
the grain boundaries in the CeSi; 4; sample. In CeSi, 5
and CeSi; ¢ samples, a secondary phase was apparent with
different grain structures in the as-cast and annealed state,
indicating the different nature of the secondary phase in
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TABLE I. Structural and magnetic data for as-cast CeSi,. Ordering temperature 7. was determined
on annealed samples using static magnetization (left) and ac susceptibility (Right) techniques.

Curie

Lattice parameters Volume constant My

Sample a (&) b (A) ¢ (A) (A) cmu K K T. (K)
mole Ce Ce atom
CeSi;.00 4.191 13.949 245.0 0.942 —249 2.74
CeSi 90 4.189 13.893 244.5 0.832 —134 2.58
CeSij g1 4.183 13.860 242.6 0.729 —52 2.44 6.7 5.8
CeSi g0 4.178 13.850 241.6 0.730 37 2.42 10.6  10.0
CeSi, 75 4.168 13.850 240.6 0.727 —27 2.41 11.0 10.4
CeSiy 10 4.190 4.135 13.872 240.3 0.751 —23 2.45 12.9 12.1
CeSi;¢; 4.188  4.118  13.880 239.4 0.707 —12 2.38 132 124
CeSi; g0 4.190 4.125 13.880 239.9 0.750 —8 2.45 12.0 11.4
CeSiso  4.189 4123 13.875 239.6 0.728 —13 2.41 120 113
the as-cast and annealed state, in agreement with x-ray re- shows a slow linear decrease with decreasing Si-

sults.

The lattice-parameter results presented in Table I are
derived from x-ray powder data on as-cast samples and
are in good agreement with previous data.!'®!” In Fig. 1
we display the variation of the lattice parameters a,b,c
and of the unit-cell volume as a function of Si concentra-
tion x across the CeSi, series. The unit-cell volume
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FIG. 1. Variation of the lattice parameters a,b,c and unit-cell
volume V across the CeSi, series. Solid lines through data are
guide to eye. Dotted line is linear extrapolation.

concentration x. In fact, the decrease in the unit cell
volume is only ~0.12% for a 1% decrease in x. In the
multiphased regime (x < 1.67) the unit-cell volume and
lattice parameters remain nearly constant. The homo-
geneity range for the CeSi, phase is clearly limited to the
Si concentrations 1.67 <x <2.0.

Another interesting observation is that some ortho-
rhombic distortion due to the transformation from ThSi,-
type (tetragonal) to GdSi-type (orthorhombic) structure
seems to appear in a concentration region near x=1.84
where the magnetic-nonmagnetic boundary lies. The
transformations from the ThSi,-type to the GdSi,-type
structure are very common among RSi,(R=rare earth)
compounds. Perri et al.,?® who studied these transforma-
tions in RSi, compounds as a function of temperature, re-
port that in several cases the transformation temperatures
could not be determined precisely as the transformations
were incomplete over broad temperature regions. In their
investigations, they had used the splitting of the (200)
lines as an indicator of the orthorhombic/tetragonal trans-
formation. In our x-ray spectra at 295 K across the
CeSi, series a weak splitting of the (200)-line is also ap-
parent for x <1.84. Although the possibility exists that
the diffuse nature of the (200) line may be a consequence
of the broad homogeneity region of the tetragonal CeSi,
phase, various observations?! support the interpretation of
the splitting of (200) line for the initiation of a orthorhom-
bic transformation in this system. For 1.75 <x < 1.84 the
transformation is incomplete at 295 K and probably com-
pletes at a lower temperature. Whereas, for x < 1.7 the
transformation is complete at 295 K (for details see Ref.
21).

B. Magnetization studies

1. Ambient pressure

In Fig. 2 the inverse of the static magnetic susceptibility
of as-cast CeSi, samples in the temperature range
2.6-300 K is displayed. The Curie-Weiss behavior is lim-
ited to temperatures above 200 K in case of CeSi,, in
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FIG. 2. Inverse of the magnetic susceptibility of CeSi, as a
function of temperature. Si concentration for the uppermost
curve is x=2 and decreases from top to bottom systematically.

agreement with previous results. !> With decreasing x, the

range of the Curie-Weiss behavior extended to lower tem-
peratures. The effective paramagnetic moment (M) and
the Curie-Weiss parameter ® for CeSi, o (obtained from
the susceptibility data above 200 K) are 2.74u g and —249
K, respectively. Both M. and ® decrease in magnitude
with decreasing Si concentration x across the series (see
Table I).

The magnetic-ordering temperatures were estimated us-
ing a low-field (360 Oe) static-susceptibility measure-
ment?* as well as by a nearly zero-field 87-Hz ac suscepti-
bility measurement. No magnetic or superconducting or-
dering was observed in CeSi, o and CeSi, ; down to 400
mK. Magnetic-ordering-temperature data for other sam-
ples are given in Table I.

At 300 K the magnetization (M) has a linear field
dependence for all CeSi, samples. The M versus H be-
havior at 3.0 K is depicted in Fig. 3. The M versus H
curve at 3.0 K is linear for CeSi; ¢ and CeSi, o which do
not order magnetically. For magnetically ordered sam-
ples (x <1.84), the magnetic moment does not saturate
even in fields up to 57 kOe. For samples with x < 1.80,
the magnetization shows a trend towards saturation in
low fields (<35 kOe) and rises again for field values above
35 kOe. This behavior suggests that magnetic order in
CeSi, samples may not be simple ferromagnetic. A spon-
taneous rise in the magnetic moment in a field value near
40 kOe has also been observed in recent measurements on
a CeSi, ; single crystal.?>

Magnetization and magnetic susceptibility data were
also obtained on annealed samples. The magnetic suscep-
tibility is essentially the same in as-cast and annealed state
but magnetization data in the magnetically-ordered state
(i.e., x <1.84 and T <T,) differ slightly. The most prob-
able cause for the observed difference would seem to be
the magnetic anisotropy. Strong magnetic anisotropy has
been recently observed in the measurements on single
crystals of CeSi, ; and CeSi; g¢.2°

The results of our magnetic measurements across the
CeSi, series are in good agreement with those of Yashima
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FIG. 3. Field dependence of the magnetization of as-cast

CeSi, at 3.0 K. Solid lines are guide to eye. Units for the scale
on right are uf3/Ce.

et al.'® and Ruggiero et al.’® and for CeSi, o, also with
those of Dijkman et al.'* and Lawrence et al.!'! Howev-
er, we do not observe a T2 dependence in the low-
temperature magnetic susceptibility as was reported by
Yashima et al.'® for 1.85<x <2.0, nor is any Curie-Tail
apparent in our low-temperature magnetic-susceptibility
data (see Fig. 4) as Dijkman et al.'* observed in their
CeSi; o sample. The magnetic-susceptibility data for
CeSi) 90 and CeSiy o in Fig. 4 appear to follow a linear T
dependence below 20 K. A comparison of the magnetic-
susceptibility data of CeSi;q, CeSi,, and LaSi, (which
have been prepared from the starting materials of the

\ H=57 kOe
N\
3 :
£ CeSiygo ]
N
@ AP T~/
= ]

Temperature(K)

FIG. 4. Magnetic susceptibility of CeSi, 9, CeSi; o, and LaSi; g
in a field of 57 kOe between 2.6 and 300 K.
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same purity) shown in Fig. 4 would suggest that the
“tails” in the magnetic susceptibility of CeSi, ¢ and CeSi, ¢
are not simply due to the presence of paramagnetic im-
purities but are an intrinsic property of the system.

In the magnetic regime for x <1.84, Yashima et a
had investigated only two samples, CeSi; ; and CeSi, g.
Their values of the magnetic-ordering temperature agree
well with our data in Fig. 5. In this regime the magnetic
moments (both M. and M,) are strongly reduced from
the free-ion values and magnetic-nonmagnetic boundary
would seem to be very sharp, since we find CeSi; g4 to be
magnetically ordered below 6 K, whereas Yashima
et al.'® have reported CeSi;gs to remain paramagnetic
down to 100 mK.

ac susceptibility measurements and static magnetization
measurements on CeSi; s and CeSi; ¢ samples confirm the
presence of antiferromagnetic CeSi; o (Ty =5.6 K) in the
as-cast state and its absence in the annealed state, in
agreement with the x-ray and metallographic results (see
Fig. 6).

1‘16

2. High pressure

High-pressure investigations across the CeSi, series
were made on the annealed samples, CeSi, ¢;, CeSi; g,
and CeSi; g4. Both the ordering temperature 7, and the
saturation magnetic moment M, (M, in this case is taken
as the value of M in 57 kOe at 3.0 K) show a linear pres-
sure dependence for pressures up to 10 kbar, as seen in
Fig. 7. It is evident in Fig. 8 that the pressure depen-
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FIG. 5. Si-concentration dependence of the saturation mag-
netic moment M; at 3.0 K in 57 kOe, the ordering temperature
T., the negative of the Curie-Weiss parameter (—®) across the
CeSi, series. (H) shows data of Yashima et al. from Ref. 16;
(O) and (@) are the present results. Solid lines are guide to eye.
Dashed lines indicate data from multiphased samples.
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FIG. 6. Magnetic field dependence of the magnetization of
CeSiy ¢ in the both as-cast and annealed states at 3.0 K. Pres-
ence of antiferromagnetic CeSi, (o in the as-cast state and its ab-
sence in the annealed state is evident from the magnetization
curves. Insert shows field dependence of the magnetization of
CeSi,,o at 3.0 K.
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dences of both T, and M, increases in a nonlinear fashion
with increasing Si concentration. dIn7./dp and
dInM, /dp attain their maximum values for CeSi; g4
which is the sample closest to the magnetic-nonmagnetic
boundary. The ordering temperature of CeSi, g, is re-
duced from 6.6 to 3.6 K under a pressure of 10 kbar. A
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FIG. 7. Pressure dependence of the saturation magnetic mo-
ment at 3.0 K and the ordering temperature of CeSi, samples.
Solid lines give least-squares fit to the data.
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FIG. 8. Magnetic-ordering temperature T, saturation mag-
netic moment M,, and their pressure dependences as function of
Si concentration x across the CeSi, series. Logarithmic pressure
derivatives of both 7. and M, are in units of % //kbar.

linear interpolation suggests that a pressure of ~20 kbar
would be sufficient for the complete destruction of the
magnetism of this sample.

In Fig. 8, we compare the M,(x) and 7.(x) behavior
with the M,(p) and T.(p) behavior. It is apparent that
both increasing pressure and increasing Si concentration
(x) lead to the reduction in the magnetic moment and the
ordering temperature in a similar nonlinear fashion. This
observation indicates a qualitative similarity of the
| J(x)| and |J(p)| behavior in this system.

Here it may seem strange that, in spite of the qualita-
tive similarity of |J(x)| and |J(p)|, instead of a
volume reduction (which is always the case under pres-
sure) an increase in the unit cell volume is observed as x
is increased in CeSi, (see Fig. 1). It thus appears that the
increase in the valence-electron charge with x leads to an
increase in the hybridization with Ce’s 4f state which
dominates over the effect from the unit-cell expansion.

IV. DISCUSSION

Before discussing the physics of the CeSi, system in its
homogeneous single-phase regime (1.67 <x <2.0), we
make a remark regarding the physics of its multiphase re-
gime (< 1.67). An interesting feature of the present study
is the detection of a stable Ce-Si phase. In the latest Ce-Si
phase diagram no stable phase has been shown to exist
with composition intermediate to CeSi;, and Ce;Sis.%°
Our x-ray and metallographic data clearly indicate the
presence of a stable phase in this concentration range.
This phase, which appeared only on annealing CeSi, s and

6885

CeSi, ¢ samples, may be forming peritactically.

The physics of CeSi, in its homogeneous regime
(1.67 <x <2.0) is quite complex. In this regime, there is
evidence for a structural transformation, which brings in
additional complications. The observed M versus H be-
havior at 3.0 K indicates a possible complex spin align-
ment. Electric crystal-field effects and many-body (Kon-
do) effects may also contribute to the complex magnetic
behavior of this system.

The observed structural transformation in CeSi, system
which apparently occurs in the same Si-concentration
range (1.84 <x < 1.9) where magnetic nonmagnetic phase
boundary occurs and specific-heat coefficient y diverges
can, in principle, effect both magnetic and specific-heat be-
havior. However, it is not possible to predict the impor-
tance of this effect. Therefore, the question of whether or
not the structural transformation is responsible for the
diverging nature of y and sharp magnetic-nonmagnetic
boundary in CeSi, remains open. Low-temperature x-ray
work (in progress)?’ may provide some further informa-
tion in this regard. In the following we assume that the
structural transformation has a negligible influence on the
magnetic properties.

Since the observed ground-state magnetic moments are
much reduced below the theoretical values (2.14up for
Ce** free ion and 0.71-1.0up for I'; ground state in a
tetragonal symmetry) the magnetism of CeSi, cannot be
explained by the simple RKKY-mechanism alone, even if
electric crystal-field effects are taken into consideration.
Complex magnetic spin structure alone can perhaps ac-
count for the reduced ground-state magnetic moments but
it would not explain the reduction in the effective
paramagnetic moment. In the following we invoke the
many-body (Kondo) effect in an attempt to account for
the behavior of this complex but interesting system.

We have discussed the basic mechanism behind the
Kondo-lattice phenomena in the Introduction. A quanti-
tative picture of the Kondo lattice was first given by
Doniach’ who proposed the schematic T, —J diagram
seen in Fig. 9. In this model the magnetic-ordering tem-

paramagnetic
CeRh;B,

T CeSiyg,

magnetic
ordering

0 L—" i
0 11 pressure

FIG. 9. Magnetic phase diagram of a Kondo lattice from Ref.
27. The position of CeSi,, CeAg, and CeRh;B, on the bell-
shaped curve is made on the basis of the behavior of T, and M,
under high-pressure conditions.
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perature T, increases initially as J 2. however, as |J | is
increased further, a critical value is reached where Kondo
fluctuations begin to weaken the magnetism. This reduces
both the magnetic moment and the ordering temperature
and finally they fall to zero. T, as a function of |J |
thus resembles a bell-shaped curve shown in Fig. 9. A
similar phase diagram for a Kondo lattice was also
presented by Lacroix et al.®

The T.(x) behavior of CeSiy shown in Fig. 5 is
Kondo-lattice-like if a direct relation between x and |J |
is assumed. |J | is related to the hybridization width A
of the 4f level and excitation energy E.; by the expression
|J | =[A/N(0)| Ee | 1.2® An increase in Si concentra-
tion x in CeSi, would increase the component of hybridi-
zation between Ce 4f and Si 3sp states and hence the hy-
bridization width A. An increase in x may also change
E, however, x-ray photoemission studies on CeAl,
(whether or not it is alloyed with Y and Sc)***° and on
the chalcogenides and pnictides of Ce (Ref. 31) show that
the chemical or external pressure mainly influence the hy-
bridization width rather than the excitation energy.
Therefore, in our case we ignore the changes in E., for
simplicity, and the assumption of a direct relation between
x and |J | can be justified. Further support for this as-
sumption comes from the qualitative similarity of the
|J(x)| and |J(p)| dependences as seen in Fig. 8. In Ce
systems it has been demonstrated that |J | increases un-
der pressure.*? Therefore, in the CeSi, |J | can be made
to increase either by increasing the pressure or by increas-
ing the Si concentration x.

The evidence for Kondo-lattice-like behavior in CeSi, is
further strengthened by the high-pressure results. Within
this model one would expect a slow T.(|J | ) dependence
when 7, is near its maximum value and a strong
T.(|J|) dependence near the magnetic-nonmagnetic
boundary. We observe very slow M (p) and T,(p) depen-
dence for CeSi, ¢; sample which has the highest T, value
among the series; these pressure dependences increase
with increasing Si concentration and take on their max-
imum values for CeSi;g, which lies at the magnetic-
nonmagnetic boundary. CeSi, is among the few fer-
romagnetic systems which exhibit Kondo-lattice-like be-
havior. The first example of a Kondo-lattice behavior in a
ferromagnetic Ce system was reported by FEiling and
Schilling®® in CeAg under high-pressure conditions.
Kondo-lattice-like behavior in ferromagnetic CeRh;B,
(Ref. 34) and CePt,Ni;_, (Ref. 35) has also been reported
recently. We allocate the position of the ferromagnetic Ce
systems on the Kondo-lattice curve in Fig. 9, in view of
their behavior under high pressure. The ordering temper-
ature of CeAg increases initially, passes through a max-
imum, and then falls off as pressure is increased; there-
fore, it is positioned on the left of the bell-shaped Kondo-
lattice curve. CeSi ¢; and CeRh;B, both have high values
of the ordering temperatures and their 7,.’s respond to the
pressure only very slowly, so they are at the top of the
hill. CeSi; g3 and CeSi; g4 show a decrease in T, under
pressure and, therefore, are placed on the right portion of
the curve.

A point which is of basic importance and has not yet
been seriously considered is that Kondo-lattice models
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predict an antiferromagnetic ground state in all cases.
Experiments on above mentioned systems, however, indi-
cate a Kondo-lattice-like behavior in spite of their fer-
romagnetic ground state. This provides a task for theore-
ticians to explore the possibility of a ferromagnetic
Kondo-lattice state.

Another aspect of Ce systems which is currently being
debated®® is the significance of both Ce 4f-Ce 4f wave
functions overlap (in the spirit of the Hill limit*’) and Ce
4f and ligand orbital hybridization in the delocalization
process of Ce moment. In this context, the situation for
CeSi, is quite clear as the Ce-Ce separation 4.66 A is far
above the Hill limit 3.4 A. In CeSi,, therefore, the ques-
tion of 4f-4f overlap does not arise and the delocalization
of the Ce moment follows via Ce 4/-Si 3sp orbital hybridi-
zation.

V. CONCLUSIONS

In this paper it has been shown that the homogeneity of
the CeSi, phase is limited to the Si concentrations:
1.67 <x <2.0 and is not extended to 1.55 <x <2.0, as was
reported earlier.'®!” The detection of an unknown stable
phase with composition somewhere between CeSi; , and
Ce;Sis indicates that phase diagram of Ce-Si system is
more complicated than that reported by Gschneider and
Verkade.”® The magnetic structure is probably not simple
ferromagnetic in CeSi,; its magnetic properties appear to
be Kondo-lattice-like both at ambient and high pressure.
As regards possible heavy-fermion behavior in this system
the situation remains speculative, since the importance of
the effect of the tetragonal/orthorhombic transformation
on the magnetic and specific-heat properties is quite un-
certain.

Note added to the proof. The results of the low-
temperature x-ray studies, which were referred in the text
as in progress (Ref. 27), does not support the interpreta-
tion of the diffuse splitting of (200) line for Si concentra-
tion x > 1.80 for the initiation of the orthorhombic trans-
formation. Therefore, the ambiguity regarding the possi-
bility of a heavy-fermion behavior in CeSi, is clarified.
The results of the high-pressure magnetization measure-
ments discussed in this paper are fully consistent with the
possibility of heavy-fermion behavior, and in fact, speak
for heavy-fermion behavior for 1.8 < x < 1.9 in this system.
We discuss this aspect together with the low-temperature
x-ray results elsewhere.

ACKNOWLEDGMENTS

The authors would like to thank M. Y. Khan of the
Werkstofe der Electrotechnik (RUB) for providing labora-
tory facilities for x-ray and metallographic studies and
also for many useful discussions. R. N. Shelton is
thanked for showing us his resistivity data on CeSi, prior
to publication. The work at Bochum was supported by
the Deutsche Forschungsgemeinschaft (SFB166). Work
at Rutgers University was supported by the U.S. Depart-
ment of Energy under Contract No. DE-FGOS5-
84ER45081. S.A.S. is also grateful to the Deutscher Aka-
demische Austauschdienst (DAAD) for partial financial
support during his stay at Bochum.



35 FERROMAGNETISM OF CeSi, AT AMBIENT AND HIGH PRESSURE

13. M. Lawrence, P. S. Riseborough, and R. D. Parks, Rep.
Prog. Phys. 44, 1 (1981), and references therein.

2Valence Instabilities and Related Narrow Band Phenomena,
edited by R. D. Parks (Plenum, New York, 1977).

3Valence Fluctuations in Solids, edited by L. M. Falicov, W.
Hanke, and M. B. Maple (North-Holland, Amsterdam, 1981).

4Valence Instabilities, P. Wachter and H. Boppart (North-
Holland, Amsterdam, 1982).

SProceedings of the IVth International Conference on Valence
Fluctuations, edited by E. Muller-Hartmann, B. Roden, and
D. Wohlleben [J. Magn. Magn. Mater. 47&48, 1 (1985)].

SF. Steglich, J. Aarts, C. D. Briedl, W. Lieke, D. Meschede, W.
Franz, and H. Schaefer, Phys. Rev. Lett. 43, 1892 (1979).

7S. Doniach, Physica 92B, 231 (1977). See also Valence Instabil-
ities and Related Narrow Band Phenomena, Ref. 2, p. 169.

8C. Lacroix and M. Cyrot, Phys. Rev. B 20, 1969 (1969).

9G. Brauer and H. Haag, Anorg. Allgem. Chem. 267, 198
(1952).

10F, Ruggiero, G. L. Olcese, Atti Accad. Naz. Lincei, Cl. Sci.
Fis. Mat. Nat. Rend. 37, 169 (1964).

113, M. Lawrence, J. W. Allen, S. J. Oh, and I. Lindau, Phys.
Rev. B 26, 236 (1982).

12w, H. Dijkman, A. C. Moleman, E. Kessler, F. R. de Boer,
and P. F. de Chatel, in Valence Instabilities, Ref. 4, p. 515.

3H. Yashima, T. Satoh, H. Mori, D. Watanabe, and T. Ohtsu-
ka, Solid State Commun. 41, 1 (1982).

14p. Weidner, K. Keulerz, R. Lohe, B. Roden, J. Roehler, B.
Wittershagen, and D. Wohlleben, J. Magn. Magn. Mater.
47&48, 75 (1985).

I5E. Wuilloud, B. Delley, W. D. Schneider, and Y. Baer, in Ref.
5, p. 197.

16H. Yashima, H. Mori, T. Satoh, and R. Rohn, Solid State
Commun. 43, 193 (1982); H. Yashima and T. Satoh, ibid. 41,
723 (1982).

17H. Yashima, N. Sato, H. Mori, and T. Satoh, Solid State Com-
mun. 43, 595 (1982); T. Satoh, H. Yashima, and H. Mori, in
Valence Instabilities, Ref. 4, p. 533.

183G, R. Stewart, Rev. Mod. Phys. 56, 755 (1984).

19D, Wohlleben and M. B. Mapple, Rev. Sci. Instrum. 42, 1573
(1971).

20A. Eiling and J. S. Schilling, J. Phys. F 11, 623 (1981).

21S. A. Shaheen, Ph.D. thesis, University of Bochum, 1985.

6887

Copies available on request.

22To check whether the unknown phase appearing in CeSi, 5 and
CeSi; ¢ samples on annealing is a low-temperature CeSi,
phase or not, CeSi, , sample was annealed under same condi-
tions and no structural change was observed.

233, A. Perri, El Banks, and B. Posts, J. Phys. Chem. 63, 207
(1959); 63, 616 (1959).

24The ordering temperature is estimated by plotting M2 versus T
and extrapolating linear portion of M? curve (near T.) to
M?=0. The intercept on T axis is taken as T,.. In the ac sus-
ceptibility method, the temperature of the peak in the ac sus-
ceptibility is taken as T,.

25N. Sato, H. Mori, H. Yashima, T. Satoh, H. Hiroyoshi, and H.
Takei, in Proceedings of the 17th International Conference on
Low Temperature Physics LT17, Karlsruhe, West Germany
(North-Holland, Amsterdam, 1984), p. 139.

26K . A. Gschneider, Jr. and Mary E. Verkade, Selected Cerium
Phase Diagrams, Rare-Earth Information Center Document
No. IS-RIC-7. Iowa State University, Ames, Iowa, 1974 (un-
published).

27S. A. Shaheen and R. N. Shelton (unpublished).

28H. R. Krishna-murthy, K. G. Wilson, and J. W. Wilkins,
Phys. Rev. Lett. 35, 1101 (1975).

29M. Croft, J. H. Weaver, D. J. Peterman, and A. Franciosi,
Phys. Rev. Lett. 46, 1104 (1981).

303, W. Allen, S. J. Oh, I. Lindau, J. M. Lawrence, L. L
Johansson, and S. B. Hagstroem, Phys. Rev. Lett. 46, 1100
(1981).

31A. Franciosi, J. H. Weaver, N. Martensson, and M. Croft,
Phys. Rev. B 24, 3651 (1981).

323, S. Schilling, in Physics of Solids Under High Pressure, edited
by J. S. Schilling and R. N. Shelton (North-Holland, Amster-
dam, 1981), p. 345.

33A. Eiling and J. S. Schilling, Phys. Rev. Lett. 46, 364 (1981).

343, A. Shaheen, J. S. Schilling, and R. N. Shelton, Phys. Rev. B
31, 656 (1985); J. Magn. Magn. Mater. 54-57, 357 (1986).

D, Gignoux and J. C. Gomez-Sal, Phys. Rev. B 30, 30 (1984).

36D, D. Koelling, B. D. Dunlap, and G. W. Crabtree, Phys.
Rev. B 31, 4996 (1985).

37TH. H. Hill, in Plutonium and Other Actinides, edited by W. N.
Miner [Nucl. Metall. 17, 2 (1970)].



